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SALINE ADAPTATION OF THE MICROALGA Scenedesmus dimorphus – FROM
FRESH WATER TO BRACKISH WATER
BETHANY M. GIGANTE
ABSTRACT
The fresh water microalga Scenedesmus dimorphus is of interest in the microalgae to
biofuel field. With a 26% dry weight as lipid content and a potential doubling time of 60-70
hours, it is a viable candidate for biofuel production. Recent studies have focused on optimizing
the growth rate and lipid content of S. dimorphus by finding ideal light, carbon-dioxide flow
rates, nutrient composition of media, pH, temperature, and implementation of various stresses in
the growth environment. Adaptation of S. dimorphus to a saline environment would make it a
viable biofuel stock world-wide. This saline adaptation experiment was conducted in two stages,
using TSG as a unit of measurement for salt density of the growth environments. The goal for the
first stage of this study was to determine if S. dimorphus was capable of adapting to increased
salinity levels in a closed environment, where competition with other algal species and bacteria
were limited to non-existent. The second stage of experimentation determined if the adapted S.
dimorphus could survive in a large scale open, marine system. Adaptation of S. dimorphus from
fresh water to brackish water was successfully completed after a 220 day semi-batch process.
Adaptation to brackish water environments yielded no significant difference in growth rates when
compared to fresh water environments. Adapted S. dimorphus obtained a growth rate of 0.47
±0.14 day-1 in a 1.015 TSG small-scale, closed system environment, while the freshwater control
obtained a growth rate of 0.56 ±0.05 day-1. Adapted S. dimorphus obtained a growth rate of 0.35
±0.15 day-1 in a 1.015 TSG large-scale, open system environment, which was not statistically
different from that of freshwater S. dimorphus in freshwater media, with growth rate of 0.61
±0.31 day-1. Lipid content in the 1.015 TSG small-scale, closed system was calculated to be 23
±10%, with the large scale, open system yielding lipid content results of 15±9%. The microalga
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S. dimorphus is capable of adaptation to brackish water environments with slight, but
insignificant decreases in growth rate and lipid content.
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CHAPTER I
INTRODUCTION

1.1 Introduction
Realizing that fossil fuels are finite, there is a need to develop renewable energy sources
that can replace fossil fuels as an alternative energy source. As the availability of fossil fuels
continually decreases, world population is continually increasing, with 80% of the world’s
population inhabiting developing countries. By the year 2050, world population is projected to
exceed 9.2 billion people with over half of that growth occurring in such countries (Mazur 2010).
Most of these countries are arid or semi-arid and 80-90% of their water resources go towards
irrigation for agriculture. There is a global need for a material that can aid in the developing of an
alternative fuel source in these countries to meet the needs of the growing population without
competing with their limited resources of arable land, food crops, and freshwater.
Globally, by 2026 the world’s jet fuel consumption is projected to reach approximately
221 billion gal (836 million liters) per year (Daggett et al. 2009). In 2012, the U.S. consumed 30
million gallons per day of gasoline (U.S. Energy and Information Administration 2013). Total
world consumption of crude-oil reach 89.17 million barrels per day in 2012 (EIA 2013). U.S.
Airlines alone is estimated to consume 18-20 billion gallons of jet-fuel yearly, contributing to
significant amount of the total transportation energy used annually (Air Transport Association of
America 2011). The burning of these fossil fuels releases greenhouse gases such as carbon
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dioxide (CO)2 into the atmosphere, causing changes in the world’s temperature and precipitation.
Replacing fossil fuels with a fuel of a net-zero carbon emission would decrease the release of
these greenhouse gases into our atmosphere (Karl 2003).
Micro-algae have the potential to become a viable source for biofuel production in
developed and developing countries, and would be specifically beneficial if the production could
use the currently unlimited natural resource of salt water while reducing greenhouse gas
emissions. Previous research into the effects of salt stress on various micro-algal species have
indicated retarded growth rates and lowered maximum biomass concentrations of a freshwater
species moved to a saltwater environment (Demetriou et al. 2007, Fodopataki & Bartha 2004,
Vonshak et al. 1988). Though the growth rate is retarded, the salt-induced stress has been
observed to slightly increase the lipid content of the micro-algal species, which is the organic
compound used for creation of biofuel (Fedina & Benderlieve 2000, Mohammed & Shafea 1992,
Sudhir & Murthy 2004). Previous work involving salt stress has only investigated initial
responses to the stress over hours or several days, and has not investigated the specimen’s ability
to adapt over time to the environmental changes. The ability to grow any potential biofuel crop
using recourses that do not compete with current human needs of natural resources, such as
freshwater or traditional food crops would be beneficial to the energy industry (Christi 2007,
Nigam & Singh 2010).

1.2 Hypothesis
Based on previous studies, it is believed the growth rate of Scenedesmus dimorphus will
be retarded in a saline environment yet will maintain average lipid levels making it a viable
candidate for biofuel production. It is hypothesized that during the adaptation of S. dimorphus,
many of the cells will die off due to the environmental shock caused by the addition of salt ions
into the cell. The process of adaptation means to slowly introduce the algae to higher levels of salt
2

stress over generations to push for a natural adaptation to this environmental stress. Scenedesmus
has an exponential growth phase in freshwater therefore this adaptation process should be
successful. It is assumed that the exponential growth rate will retard once salt stress is added, but
over time the remaining cells will continue to replicate and replace the population. Once given
time to complete several standard growth phases in a semi-batch system, it is hypothesized these
salt water tolerant cells will be able to achieve a slightly higher growth rate than cells without this
tolerance. A prolonged lag phase will occur, but the cells that do survive will potentially thrive
due to their adaptations, be it a decreased ion gradient or other genetic survival factor, just as
bacteria have continually adapted to new environmental factors by genetic mutations. The aim is
to achieve a salt water tolerance up to 1.015 True Specific Gravity (TSG), or 21% salt (wt. %),
through adaptation. If S. dimorphus can be adapted to grow in salt water it is hypothesized the
lipid content of the species will remain stable or increase as has happened with previous
Scenedesmus strains as well as higher level plants and cyanobacteria. Temperature, lighting, and
CO2 input will remain constant at suggested parameters from previous research during the
climatic adaptation process and therefore should not affect the growth rate negatively.

1.3 Specific Aims
The goal for this research was to conduct the saline adaptation of S. dimorphus in two
stages. The first stage of experiments was to determine if S. dimorphus was capable of adapting to
increased salinity levels in a closed environment, where competition with other algal species and
bacteria were limited to non-existent. During this process, salinity of the environment was
increased slowly over periods of time to determine if the S. dimorphus could survive in
increasingly saline concentrations. Determination of lipid levels during the adaption was
monitored. Initial inoculum densities were kept around 0.5 OD600 or above during this
experimentation to increase the potential of finding cells capable of adjusting to environmental
stress (Lau et al 1995). At 1.015 TSG (21 wt. %, over half of the salt content of open ocean
3

water), the introduction of salt to the environment was halted and the growth rate of the adapted
algae was determined.
The second stage of experimentation determined if the adapted S. dimorphus could
survive in a simulated open, marine system. This system was located near other simulated marine
systems, which included native salt water fish, bacteria, and algal species. The native marine
bacterial and algal species had the possibility of contaminating the S. dimorphus open system
environment through air travel. Growth rate of the adapted S. dimorphus was determined and
lipid content of the S. dimorphus was monitored.

1.4 Significance of Research
This research uses the natural processes of selective pressure and evolution to determine
if Scenedesmus dimorphus, a freshwater algae species of high interest in the algae to biofuels
research community due to its growth rate and reasonable lipid content, will be able to adapt and
survive in salt water conditions in a closed, semi-batched system. If the S. dimorphus is able to
adapt to saltwater conditions while maintaining reasonable lipid production levels, this potential
source for biofuel production will no longer compete with the multiple human needs for limited
freshwater resources such as drinking, bathing, and irrigation of food crops.
The second stage of this research will investigate whether freshwater algae that has been
adapted to saltwater conditions in a closed, semi-batch system, will be able to survive in an open
environment. In this open, marine simulated environment the climatically adapted S. dimorphus
will have to compete with bacteria and algal species native to salt water environments.
This research can further be used to support the adaptation of various high lipid content
freshwater algae to salt water conditions. While changing the environment of the algae from
freshwater to salt water, the introduced stress may have positive or negative effects on the growth
rate and lipid content. The results will help to determine if adaption of freshwater algae to salt
water conditions is a worthwhile strategy for biofuel production.
4

CHAPTER II
BACKGROUND

2.1 The Connection Between Biofuels, Food, Land, and Water
Currently, biofuels are generally produced primarily from vegetable oils, one example
being ethanol produced from corn. This creates a food versus fuel competition for the use of the
potential biodiesel crop and reduced potential food crop supplies and food costs to poor countries
(Christi 2007, Nigam and Singh 2010). The use of oils from edible crops also causes a
competition for the already limited arable land available for farming. In order to fulfill 50% of the
United States fuel needs, close to 1540 M ha of corn would need to be planted for use specifically
in ethanol (Christi 2007, Gouveia & Oliveria 2008). For these reasons, the cost of the biodiesel
itself relies heavily on the cost of the feedstock from which the vegetable oil is being harvested.
There is a global need for a fuel source that does not compete with food crops which in turn
means the crop will not compete with arable land. There have been investigations into non-edible
oils for biofuels such as frying oils, animal fats, soap-stocks, and greases, but currently the
quantity of these non-edible oils do not meet today’s demand for biofuel (Mata et al. 2009). The
University of Delaware is urging the use of saline coastal soils and deltas for biodiesel crop
production, with an investigation in saline irrigation of Seashore Mallow, a potential biofuel crop
with seeds containing 18-20% oil (Gallagher & Seliskar n.d.) Use of saline irrigation can turn
lands which are normally considered non-arid into viable locations for biodiesel crops and will
not compete with human consumption of freshwater resources.
5

2.2 Algae as a Biofuel Source
Oils produced from micro-algae can be viable solution for the fuel crisis. Micro-algae
are seen as a promising alternative source for biofuel due to higher rates of biomass and oil
production in comparison to conventional crops, achieving higher percent dry weight as lipid
(Becker 1994). Certain microalgae can potentially double biomass within 24 hours, and this is
clearly much faster than that of traditional food crops. A microalga that is 30% oil by dry weight
would be able to produce an oil yield of 58,700 L/ha per year and would only need about 4.5 M
ha to produce over 50% of the United States transport fuel needs (Christi 2007). As with
traditional crops, the three main components for production of algae biomass are: carbon dioxide
(CO2), sunlight, and water, along with a proper mixing of the environment. Micro-algal species
are considered by many to be the most suitable alternative biomass for biofuels because of their
ability to process environmental carbon dioxide into organic biomass through photosynthesis and
convert that biomass into energy. Cultivation of algal farms could be beneficial for more than just
biofuel production; algal farms would provide greenhouse gas reductions by their uptake of
environmental CO2 (Singh et al. 2010). These algal farms could be placed outside of power plants
to remove greenhouse gases while in turn increasing the amount of biodiesel yield (Karampudi &
Chowdhury 2011).
Biofuel is potentially created from the lipids, or natural fats, of these micro-algae species.
Through photosynthetic pathways, energy in micro-algae is stored as triacylglycerol (TAGs) lipid
molecules and phospholipids. When TAGs react with an alcohol the transesterification process
occurs to create alkyl esters, otherwise known as biodiesel, specifically C16 and C18 series
(Christi 2007, Converti et al. 2009, Karampudi & Chowdhury 2011, Knothe 2010). Phospholipids
differ structurally to TAGs, and do not convert to biodiesel through transesterification (Singh et
al. 2010). For this reason, it is important to also look at the types of lipids a biofuel candidate is
producing. Due to the high cost of completing the transesterification process, this experiment will
only focus on the two stage adaptation process and overall lipid content of the specimens.
6

2.3 Scenedesmus dimorphus as a Biofuel Candidate
The fresh water microalga genus of Scenedesmus is an alga of interest in the microalgae
to biofuel field. The genus Scenedesmus is known for its elongated shape and reproduction by
autospores in a coenobium (Fig. 2.1) (Hegewald 1997, Trainor 1996).

Figure 2.1. Scenedesmus dimorphus found clustered in quads (UTEX The culture collection of Algae, retrieved
from http://web.biosci.utexas.edu/utex/algaeDetail.aspx?algaeID=3674).

With a 26% dry weight as lipid content and a potential doubling time of 60-70 hours it is
a viable candidate for biofuel production (Fig. 2.2) (Griffiths & Harrison 2009). The lipids,
considered the natural oils for energy storage, of the genus Scenedesmus come in several forms
but are high specifically in TAGs of C16 and C18, the carbon chains specifically used for
biodiesel production (Christi 2007, Converti et al. 2009, Prabakaran & Ravindran 2012). The
lipids of the species S. dimorphus are composed of 89% C16 and C18 chains (Table 2.1) (AbouShanab et al 2011).
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Table 2.1. Fatty acid composition of S. obliquus (Abou-Shanab et al 2011).

Figure 2.2. Average doubling times of various algal species and cyanobacteria. Error bars represent highest and
lowest recorded values (Griffiths & Harrison 2009). Reprinted from Springer and the Journal of Applied
Phycology, Volume 21, 2009, 493-507, Lipid productivity as a key characteristic for choosing algal species for
biodiesel production, Griffiths, M., Harrison, S., figure number 4, original copyright notice is given to the publication
in which the material was originally published, by adding; with kind permission from Springer Science and Business
Media.
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2.4 Scenedesmus Growth Environments
Previous research has looked into the optimization of micro-algae and it is apparent there
are certain factors that must be accounted for in every growth experiment such as adequate
lighting, temperature controls, and pH. A general growth curve of algal species in batch modes
consist of a lag phase, exponential growth, stationary phase, and a death/decline phase (Fig. 2.3).
The lag phase occurs directly following the inoculation of the culture as adjustment to the new
environment occurs. In excess nutrients the culture begins an exponential phase, in which the
cells are growing and multiplying at their fastest rates. As nutrients become limited from
consumption, the cells reach a stationary phase and replication ceases. Once the cells exhaust
their energy sources and with no nutrients to replenish these sources, the cells enter a death phase
(Shuler 2002).

Figure 2.3. Standard growth curve of cells in a batch mode environment.

Variations of temperatures can cause modifications in the growth and lipid composition
of algal species (Harwood 1998). A study published by Chalifour and Juneau in 2011 investigated
growth rate as a function a temperature for Scenedesmus obliquus. It was determined growth rate
increased with temperature. S. obliquus was grown at 10°C, 15°C, and 25°C for 72 hours at a 14h light/10-h dark cycle. A growth rate of 0.48 day-1 was obtained at 25°C, with growth rate
9

decreasing to .034 day-1 at 15°C a growth rate of 0.14 day-1 at 10°C. Generally, an ideal
temperature for algal growth is between 28°C to 35°C (Soder et al. 1988). Three varying strains
of Scenedesmus acutus were used for investigation of photosynthetic rates as a function of pH.
All three strains grew at a pH of 5.5, with one strain having significantly higher photosynthetic
rates at a pH of 6.5. A growth environment with a pH below 5.05 has been determined to
decrease growth by 50% for Scenedesmus acutus and growth rate of one strain stopped at a pH of
4.8 (Nalewajko et al. 1996).
Carbon dioxide is essential for photosynthesis and thus essential for the growth of
Scenedesmus. The TAGs are composed of hydrocarbons, with 90% of the hydrocarbon composed
of carbon and the remaining composed of hydrogen from processing water (Ginzburg 1993). A
study conducted by de Morais and Costa (2007) showed signs of cell death after 5 days of carbon
dioxide limitation. Studies on lipid productivity in relation to CO2 reduction on Brotryococcus
braunii and Scenedesmus sp. resulted in Scenedesmus sp.and Brotryococcus braunii increasing
lipid productivity at a 10% CO2 and flue gas feed (Yoo et al. 2010). An experiment on growth
rate as a function of carbon dioxide fixation was conducted in 2010 on various strains of
Scenedesmus obliquus and growth rate was calculated to be 0.22-0.33 day-1 at a presence of 1218% carbon dioxide, and 1.019-1.065 day-1 at 20% carbon dioxide when grown at 28°C (ShihHsin et al. 2010).

2.5 Environmental Stress Effects on Scenedesmus Growth
Previous studies have suggested that in situations of environmental stress, such as
nitrogen, phosphorus, or other nutrient limitations, an algal species may increase its lipid content
(Ferrel et al. 2010, Karampudi & Chowdhury 201, Xin et al 2010). The lipids accumulate in the
cell as nutrients deplete because the excess carbon dioxide from the system is still being
consumed by the cell and is converted and stored as TAGs (Singh et al. 2011). In 2011
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Karampudi and Chowdhury showed that a nitrogen source is essential for growth, but reducing
the nitrogen source from a widely used media (3N-BBM created by the University of Texas)
increased TAG production. It should be noted that nitrogen limitation has been observed to
decrease growth rate in comparison to a control in an unidentified Scenedesmus strain (Rodlfi et
al. 2008).
When salt stress is introduced to a system, the osmotic properties of the system change.
This creates an osmotic and ionic stress on the cellular components of the species in the system
(Hasegawa et al. 2000, Joset et al. 1996). Therefore, osmotic stress and salt stress are closely
linked to each other. As salt is added to the system the sodium ions in the surrounding
environment will increase. Because of this ionic imbalance water held inside of the cell is drawn
out of the cellular membrane and into the environment. An abundance of salt ions from the
environment may also begin entering the cell based on the concentration gradient across the cell
membrane. The cell must adjust its physiological properties to maintain the homeostasis of the
organism (Hasegawa et al. 2000). If the cell does not adjust, salt ions will accumulate in the cells
and photosynthesis will become highly impaired. Cyanobacteria, which are photosynthetic
micro-organisms, have been observed to have an increased lag phase after salt addition, yet
returned to 50-80% of photosynthetic activities in comparison to a control at the end of the lag
phase (Vonshak et al. 1988). The lag phase increased as the concentration of NaCl in the growth
medium increased. Upon the completion of lag phase, growth rates after adaption and during
exponential phase were observed to decrease inversely with salt concentration of the medium.
The same inverse relationship of growth rate and salt content was observed in S. obliquus in
2007. Six cultures of S. obliquus were given medium of increasing salt contents from 0-25 wt. %
and observed for 100 hrs. As salt content of the culture increased, growth rate of the cultures
decreased as shown in Figure 2.4 (Demetriou et al. 2007).
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Figure 2.4. Growth rate of S. obliquus measured in packed cell volume (PCV) in various NaCl concentrations
(Reprinted from Biochimica et Biophysica Acta (BBA)- Bioenergetics, V1767 issue 4, Demetriou, G. Neonaki, C.,
Navakoudis, E., Kotzabasis, K, Salt stress impact on the molecular structure and function of the photosynthetic
apparatus – The protective role of polyamines, Pages 272-280, Copyright 2007, with permission from Elsevier).

In 2004 an investigation on light intensity and salt stress on a freshwater Scenedesmus
species was conducted by Fodorpataki and Bartha. Initially, the freshwater species were grown
under three different categories of photon intensities of light for seven days: low light, medium,
and high light, with the highest intensity of photon flux at 100 µM m-2s-1. The highest light
intensity yielded the highest biomass concentration after the seven day experiment.
Concentrations of 0.1M and 0.5 M NaCl were then added to the cultures and grown under the
same light intensities of low, medium, and high. In all cases of light intensity the 0.1M NaCl
concentration results in higher biomass than the 0.5M NaCl concentration after seven days. The
highest overall biomass concentration after salt addition occurred in the high light intensity and
0.1M NaCl culture. It was noted that the algal cultures lost their green color in the 0.5 M NaCl
concentration. When looked at under a microscope it was determined the chloroplasts of the cells
had shrunken in size in the 0.5M NaCl culture (Fodopataki & Bartha 2004). Chloroplast
shrinkage has also been observed under salt stress by Lu & Vonshak (2002). They observed that
chloroplast shrinkage may have an adverse effect on photosystem II activity, which takes place in
the chloroplasts, and which uses external electrons to convert water into oxygen and hydrogen.
The hydrogen ions created during photosystem II are used in the creation of gradients for ATP
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synthesis, and the electrons created during photosynthesis II are used throughout the
photosynthesis process.
Research conducted in 2004 by Sudhir and Murthy on higher level plants and
cyanobacteria placed under salt stress had a similar response, in which they created higher
concentrations of glycerols, which are then synthesized to create TAGs. The high levels of stress
caused increased rates of CO2 fixation, which in turn increases the amounts of lipids produced and
stored. Similar results on lipid precursor molecules have been found on various strains of
Scenedesmus in which lipid precursor molecules have increased with increase in salinity levels in
various species (Fedina & Benderlieve 2000). Investigation on lipids levels with increased
salinity content of medium on S. obliquus resulted in slightly higher lipid content in the saline
samples than the control (Mohammed & Shafea 1992). In all of this previous research it was
concluded that the growth rate of Scenedesmus is slower in a salt media than a freshwater media,
though most of the experiments were run for only seven days. In contrast to these short term
studies, the microalgae in this research study were cultured over a long period of time (six
months) to a gradual increase in salinity, in order to allow the evolutionary process to occur and
to develop an adapted strain with a similar growth rate to that in fresh water.
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CHAPTER III
MATERIALS AND METHODS

3.1 General Experimental Materials and Methods
A sample from the Cleveland State University Scenedesmus dimorphus algae stock,
ordered and obtained from the University of Texas (UTEX ID#1237), was used to cultivate a seed
jar at a 1 L working volume in a batch mode. This seed-jar culture was then used as the inoculum
for the saline adaptation experiment. Cell suspensions from the saline adaption experiments were
used as the inocula for the closed system, growth rate experiments. Cell suspensions from the
closed system, growth rate experiments were used as the inocula for the open system, growth rate
experiments.

3.1.1 Cells and Growth Medium
Algae stock cells of Scenedesmus dimorphus were preserved on a Bold-Basal Medium
with 3-fold Nitrogen and Vitamins; modified (3N-BBM) and 1.5% agar mixture under a sterile
hood at Cleveland State University. Figure 3.1 lists the ingredients for creation of 3N-BBM+V
media.
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Figure 3.1. 3N-BBM+V media recipe. Source: http://www.ccap.ac.uk/media/recipes/3N_BBM_V.htm)

The growth media for all experiments were 3N-BBM+V. The 3N-BBM recipe given in
Figure 3.4 is for 1 L of growth medium. As working volumes were adjusted, the amounts of stock
solutions were adjusted accordingly. All stock solutions were prepared using chemicals from
Sigma Aldrich and Fisher Scientific. The growth medium was then autoclaved at 121°C for
45minutes for 1000 mL volumes and 55 minutes for 2000 ml. Once autoclaving was completed,
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the growth medium was moved to a sterile hood for cooling. After cooling, filter-sterilized
vitamins were added to the growth medium. On some early occasions of the experiment, vitamins
were forgotten as an addition to the media during the saline adaptation process. This did not
appear to have an effect on the growth of the S. dimorphus though specific growth rates were not
determined at this time.
For the creation of various salt water 3N-BBM+V mediums, Tropic Marine Pro-Reef Sea
Salt® was added to the DI water to reach the desired TSG prior to the addition of the media
stocks. Tropic Marine Pro-Reef Sea Salt is a synthetic salt mixture commonly used in the
aquarium industry. TSG of the media ranged throughout the semi-batch process from 1.000 to
1.015 TSG. A table relating mS/cm, ppt, and TSG can be found in Appendix A. Two
refractometers, a HANNA HI 96822 Seawater digital refractometer and a handheld Milwaukee
MR100ACT, were used to verify TSG.

3.1.2 Growth Conditions for Small Scale, Closed System Cultures
A shaker bath with lighting attachments was used during the small scale, closed system
experiments as the growth setting for the Scenedesmus dimorphus, as shown in Figure 3.2. The
shaker bath was used to create constant motion in the water ensuring that the algae were mixed
thoroughly and receiving equal lighting as a population. If left unmixed, the culture has a
tendency to settle to the bottle and form clumps of biomass. The shaker bath was set to an
agitation of between 132-140 RPM and kept at a constant temperature of 28°C, via a temperature
probe built into the shaker bath. The temperature of the water was also double checked using a
hand held temperature probe.
Four fluorescent lights hang above the shaker bath. The lighting period for the algae
batches were 24 hours daily, controlled by automatic timers. Each light is a 6700K, 24 watt high
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output fluorescent bulb hanging approximately 1 foot from the shaker surface (Coralife item
number 80411). Foot candles were measured to be an average of 920 at the bath level.

Figure 3.2. Shaker bath with lighting attachment used for semi-bath and batch experiments

3.1.3 CO2 Delivery, Sampling, and Vents
Each 2 L culture bottle was capped with a rubber stopper. Each rubber stopper contained
a total of three lines which passed through it: the CO2 and air feed, an aseptic sampling port, and
gas venting outlet, as shown in Figure 3.3. Materials used in the creation of the bubbling and
sampling apparatus were the rubber stopper, stainless steel tubing, silicon tubing, t-connectors,
plastic pipette tips, and sterile 2 µm syringe filters. The only materials to pass through the rubber
of the stopper were the stainless steel tubes, with the silicon tubing connected to various ends of
the stainless steel tubes. All materials used in the CO2 and air feed, sampling ports, and gas
venting were autoclaved at 121°C for 20 minutes prior to introduction to the system. The stopper
17

apparatus was added to the culture under a clean hood to prevent contamination during
construction of the cell culture environment. If at any point a syringe filter was contaminated, as
determined by a pressure drop or visual inspection, it was replaced with a new, sterile 2 µm
syringe filter.
The CO2 was fed into the culture bottles at a rate of 0.5 LPM. The CO2 feed consisted of a
mixture of 5% CO2 and air (v/v) which passed through a sterile filter before entering the bottles.
The gas was delivered to the cell culture bottles through a bubbling system. A line with the gas
mixture passed through the rubber stopper capping the bottle, through the silicon tubing, and
bubbled out through a pipette tip near the bottom of the cell culture. The CO2 used in the mixture
was industrial grade CD50. A second CO2 tank was available to change out for when the tank in
use became empty. The CO2 tank was monitored with a CO2 pressure gauge regulator.
The second attachment through the rubber stopper allowed for a sampling port. An
aseptic sampling port was used in order to decrease the likelihood of contamination to the sample.
The sample port consisted of silicon tubing inside the culture bottle, which length fell below the
working volume inside the culture. Outside of the bottle, two piece of silicon tubing where
connected with a T-connector. A sterile 2 µm syringe filter was placed at the end of one of these
tubes. A syringe filled with air could now connect to the filter to clean out the tubing before and
after sampling. During sampling, the tubing with the filter was clamped off to prevent the filter
from clogging. Gas pressure forced the cell suspension out of the remaining open tubing, which
rested below the working volume inside the culture. The sampling port was clamped off when not
in use.
The third attachment through the rubber stopper allowed for gas venting when sampling
was not occurring. This port did not have tubing on the inside of the cell culture, but instead had
about 4 inches of tubing coming out of the stopper into the ambient environment. The end of the
tubing releasing into the ambient environment was filled with cotton, in order to let the gas out
but prevent bacteria from getting into the culture.
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Figure 3.3. Aseptic sampling port and CO2 bubbling system

3.1.4 Biomass Measurement – Absorbance and Growth Rates
A spectrophotometer was used to determine the absorbance of the culture, which is an
indication of cell growth. Photometric measurement procedures and materials are discussed
further in sections 3.1.5 and 3.1.6. Absorbance was measured by optical density at the wavelength
of 600 nm (henceforth referred as OD600) by the spectrophotometer. The biomass to OD600
correlation was determined to be (Kanani 2013):
(Eq. 3.1).
A reference sample to deionized water was used to determine the absorbance of the
culture. These measurements were recorded and plotted. It was noted that the absorbance of the
salt water media, once all the salt had dissolved, was less than a 5% difference at 1.018 TSG to
that of DI water, therefore absorbance measurements of the S. dimorphus in the salt water media
was an adequate measurement of the algae present without having to adjust for the salt water
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media. Absorbance readings are no longer linear with cell concentration beyond an OD600 of 1.0,
therefore samples were diluted with DI water past this reading and adjusted absorbance was
determined using the following equation:

Equation 3.2.

The model used for determining growth via absorbance measurement during exponential
phase is as follows:
Equation 3.3
with µ representing the specific growth rate, x equal to biomass concentration from absorbance,
and t being time (Shuler & Kargi 2002). By taking the integral of equation 3.3, the concentration
and growth rate relationship in relation to time is as follows:
Equation 3.4

)

For equation 4, x0 is the concentration at time 0 and x is the concentration at time t. By plotting
the natural log of concentration versus time, the exponential growth phase can be determined
from the linear region of the graph. The growth rate during exponential phase was calculated
from the slope of this line.

3.1.5 Closed System Photometric Measurements
Photometric measurements for the closed system experiments were taken with a
Spectronic Genesys 5 spectrophotometer located at Cleveland State University with the use of
plastic sample cuvettes. Each cuvette was checked for scratches before usage. If the plastic of the
cuvette was scratched, the cuvette was replaced with a clean, unscratched cuvette. Frequency of
photometric measurements for the closed system experiments are described in sections 3.2 and
3.3.
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3.1.6 Open System Photometric Measurements
Photometric measures for the open system experiments were taken with a Shimadzu UVVisible Recording Spectrophotometer Model UV-160, located at the NASA Glenn Research
Center with the use of quartz sample cuvettes. Samples were taken from the front zone, middle
zone, and back zone of the tanks. The absorbance was measured eight times for each zone sample
for a total of 24 absorbance readings at OD 600 per tank at each time point. The averages of these
readings were used for the overall absorbance of the tank at that time point. For the first run of the
experiment, photometric measurements were taken twice a day leading up to and during the
exponential phase of growth. Once the exponential growth phase had completed, measurements
went down to every two to three days. For the second run of the experiment, photometric
measurements were taken once a day in a 24hr ± 1.5hr time frame leading up to and during the
exponential phase of growth. Photometric measurements ceased after the exponential phase of
growth was completed during the second run of the experiment.

3.1.7 Dry Mass and Percent Lipid Calculations:
Samples removed for determination of lipid content were centrifuged in 50 mL samples
for 10 minutes at 1500 RPM. The supernatant was removed and discarded and the remaining
biomass pellets were combined into a clean 50 mL plastic centrifuge container, with the use of DI
water as a wash to rinse the container. The combined biomass was centrifuged again, for 10
minutes at 1500 RPM, and the supernatant was again removed and discarded. The biomass was
then left to dry in an oven at 50-80C. Dryness was determined by monitoring the weight of the
samples. Once the weight of the sample was no longer decreasing, it was assumed all water had
been evaporated from the sample. The samples were then ground into a fine powder using a
mortar and pestle. The extractions occurred using a chemical method, the Bligh Dyer Lipid
Extraction Procedure (Appendix B). All extractions were performed in clean, glass 50 mL
centrifuge tubes. After the extraction was performed, the lipid and solvent solution was removed
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from the biomass layer by pipetting and transferred into clean, glass centrifuge tubes that had
been pre-weighed. The glass tubes containing the lipid and solvent mixture were placed in a fume
hood and left under an air stream, where the solvent could be evaporated and the lipid would
remain. Once the lipid had been isolated using evaporation methods, the following equation was
used to determine percent lipid of the sample:

)

Equation 3.5

)

3.1.8 Measurement of Lighting in Large Scale, Open System
A Milwaukee SM700 Lux Meter was used to determine average illumination at the water
level for the large scale, open system experiments. The light output of each fluorescent light was
determined at the water level, for a total of six readings. These readings were then average.
During the first run, average light for the L1 open system tank were calculated to be 8017 footcandles and the average for the L2 open system tank was 7487 foot-candles. The same lights from
the first set of open system experiments were used during the second experiment on tank L1, and
the average lighting for the second run of L1 was 11750 foot-candles and measured with an
Extech Instruments Footcandle/Lux Meter 407026. The bulbs were several months old at this
point yet measured a higher light output, indicating discrepancies between the two lux meters
used for each trial.

3.1.9 Data Analysis
Growth rate and lipid percentages were compared and analyzed using the student T-test
for statistical analysis using Microsoft Office Excel. P-values less than 0.05 were used to
determine significance at a 95% confidence level. Errors bars were produced to represent
standard deviation of the mean.
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3.2 Semi-batch Adaptation Process
The salinity of the media was gradually increased in a semi-batch process, with the aim to
induce the freshwater microalgae, Scenedesmus dimorphus, to become salt water tolerant. The S.
dimorphus experimental samples were grown in a 2 L bottle with a working volume of 1 L in the
shaker bath set-up with a constant feed of air/CO2 and 24 hour light sources as described in
sections 3.1.3 and 3.1.4. Initially, the experiment was set up at 8 hours per day of light, but this
was changed later to 24 hours lighting in the hopes of increasing growth rates.
To generate the inoculum for the semi-batch experiment, the growth bottle was initially
filled with a working volume of 1000 mL autoclaved 3N-BBM+V media. A sample of
Scenedesmus dimorphus from the UTEX agar stock was inoculated into this bottle. Samples were
taken two to three times a week to gage the growth of the algae. A sterile batch of DI water was
used to replace evaporated water during the growth process. The DI water was sterilized by
autoclaving at 121°C for 45 minutes.
The semi-batch process was begun after the initial culture reached an absorbance of
above 1.700 OD600 and had been determined to have zero contamination. At this point, 775-800
mL of cell suspension in the control sample was removed and used as the inocula for the
experimental bottles, with each new bottle receiving 200-225 mL of cell suspension from the
original culture and 775-800 mL of various salinity levels of 3N-BBM media, creating a total of
four cultures: a freshwater control culture, two adaptation cultures (referred to as adaptations
bottles 3 and 4), and a high salinity shock culture.
Time was allowed again for growth and once absorbance reached 1.700 (1.00 gdw/L)
OD600, 775-800 mL of the cell suspension was removed to determine lipid content of the biomass.
The volume removed from each adaptation culture was then replaced with 800 mL 3N-BBM
media with a salt content 0.002 TSG higher than the previous media, as shown in Figure 3.4. This
process was continued each time the absorbance reached 1.700 OD600. The control bottle was
initially increased to a salinity of 1.002 TSG but then brought back to 1.000TSG and remained at
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1.000 TSG throughout the rest of the experiment to maintain a controlled freshwater setting. One
bottle was shocked with a salinity level of 1.025 TSG from the start just for investigative
purposes, with the salinity level remaining the same, increasing, or decreasing with each media
replacement. The semi-batch experiments were run for 220 days, non-stop.

Figure 3.4. Semi-batch process for closed system adaptation experiment.

3.3 Adapted S. dimorphus in Saline Media, Closed System
The Scenedesmus dimorphus from section 3.2 was adapted successfully, in a semi-batch
process, to survive in a salinity value of 1.015 TSG. Samples were observed under a microscope
at 10X, 20X, and 40X magnifications to check for contamination and pictures were recorded. A
total of 12 samples, free of contamination, were cryopreserved in 20% DMSO solution on June 7,
2012 (Appendix C). Three of these samples were thawed and used an inocula for three 2 L bottles
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with a working volume of 1 L 1.015 TSG 3N-BBM medium, in a shaker bath set-up with a
constant feed of 5% CO2 and air (v/v) (as described in section 3.1.3 and 3.1.4) in September of
2012. A freshwater sample was also prepared to use as a control. The freshwater sample was
inoculated from the UTEX agar stock.
Photometric measurements were taken on these seed cultures two to three times per week
and the samples were regularly checked for contamination. After initial inoculation, time was
allowed for growth and once samples reached an absorbance of 1.700 OD600, the samples
underwent a media replacement/dilution to reach a desired absorbance of 0.05 OD600 for three
experimental growth rate bottles. The remaining biomass was given fresh 1.015 TSG 3N-BBM
media and placed in a separate shaker bath to be used later for the open system experiment. The
freshwater sample was also diluted with fresh media into a new 2 L bottle with a working volume
of 1 L 1.000 TSG 3N-BBM media and an absorbance of 0.05 OD600. The growth rate samples and
the seed samples were each placed in the shaker bath and growth conditions were as described in
sections 3.1.3 and 3.1.4.
Photometric measurements were taken on the growth rate bottles twice daily during the
exponential growth phase during the first run of this experiment. Photometric measurements were
taken on the seed bottles- to be used as inoculum for the open system growth rate experimentonce daily. Sterilized RO/DI water was added to each bottle, under a clean hood, as needed to
account for evaporation. A total of 10 samples from trial 1, free of contamination, were
cryopreserved in 20% DMSO solution on October 2, 2012 (Appendix C).
This experiment was repeated for a second time, with four 1.015 TSG sample bottles with
a 1600 ml working volume. A previously frozen 1.015 TSG sample stored in 20% DMSO
solution from trial 1, was used as the inocula for the second trial of the experiment.
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3.4 Large Scale, Open System Growth Rate Experiment
The Scenedesmus dimorphus cell suspensions from the small-scale closed-system
growth rate experiments were used as inocula for the open system experiment. Cells were
maintained in the shaker bath set-up from the previous growth rate experiments until the open
system set-up was ready for inoculation. Two runs of the open system growth rate experiment
were conducted. For the first run of the experiment two separate tanks were operated
simultaneously.

3.4.1 Growth Medium

Figure 3.5. 3N-BBM+V media recipe for large working volumes.

The growth medium used for the large scale open system experimentation was the BoldBasal Medium with 3-fold Nitrogen and Vitamins (3N-BBM+V) modified for larger volumes,
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made at 1.015 TSG (Figure 3.5). All dry ingredients were mixed in clean, 2 liter glass containers
and added to the open system just before inoculation. Autoclaving of this system did not occur,
since part of the experiment is to determine how the climatically adapted S .dimorphus can
compete in an open system.

3.4.2 Growth Conditions
The large scale open tank system was located inside the NASA Glenn GreenLab. The
GreenLab environment mimics a field trial, where ambient conditions can be maintained and
monitored. The average temperature of the GreenLab is 75ºF (24ºC) and has an average humidity
of less than 80% (Bomani et al. 2011). The NASA Glenn GreenLab is similar to a greenhouse
environment. There are several different ecosystems in the GreenLab, mimicking various
locations around the globe of different salinity levels. Each ecosystem varies from the rest by the
salinity level, type of fish in the system, or type of plants in the system. Various insects can be
found living among the plants and in the sand of each ecosystem.
The large scale open pond system is a glass aquarium, with an open top, and dimensions
of 36 in. by 96 in. by 16in. The open aquarium system was bleached and cleaned before the
experimentation occurred, and given time to reach proper temperatures and salinity levels. The
salinity of the open system experiment was 1.015 TSG. Tropic Marine Salt was added to the
working volume of approximately 750 L RO/DI water until the desired salinity level was reached.
Two identical tanks were used during the experiments, named L1 and L2.
The salinity levels of the large scale, open system “L” tanks were monitored by the use of
a handheld Milwaukee MR100ACT refractometer and a HANNA HI 8733 conductivity meter.
The HANNA HI 8733 conductivity meter was calibrated using a 2.764 mS/cm standard. A higher
standard for calibration would have been ideal, though the standard could not be found in the lab
at the time of salinization. The handheld Milwaukee MR100ACT refractometer was calibrated
using freshwater RO/DI water at 1.000 TSG. The salinity level was monitored in three zones of
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the tank, known as the front zone, middle zone, and back zone. If conductivity or salinity level
increased close to or beyond the desired range of 1.015 TSG, that meant evaporation had
occurred and RO/DI water was added to the system until the desired salinity of 1.015 TSG was
again obtained. The salinity level was checked daily up to and throughout the exponential phases.
After exponential phase was completed, monitoring of the system occurred every two to three
days, with water added to account for evaporation as needed, based on salinity level.
The cell suspension was kept in constant motion by wave generators. Two Turbelle
Masterstream 6508 wave generators (manufactured by Tunze in Germany) were place on
opposite far ends of the tanks, held onto the sides with a PVC frame. The wave generators were
connected to a TUNZE pulse power wave controller model 7092 and set to maximum setting. The
controller was connected to a TUNZE master pump power supply model 6508 and set to max
power settings. During the first run of the experiment, the PVC frame did not have holes drilled
through it, which may have caused stagnant zones. For the second run of the experiment, the PVC
frame had holes drilled throughout to allow for mixing in the frame as well. Algae sedimentation
sticking to the sides of the tanks was scraped off using a clean plastic scraper on an as needed
basis.

The water temperature was kept at 28C by use of a Blueline Aquarium heater
Model 1PX8 and Aqualogic 1 horsepower chiller system. The chiller was located outside
of the lab and connected to the tank via PVC piping. The temperature was monitored in
the front zone, middle zone, and back zone lengthwise of each tank. The temperature was
monitored using three Pinpoint remote sensors in each zone which were connected to the
wireless monitor for reporting. The schematic for the large scale, open system tanks is
shown in Figure 3.6.
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Figure 3.6. 1000 L tank schematic used for large scale, open system growth rate experiment.

Light was provided on a 16 hour light/dark cycle to mimic summer daylight hours. The
lighting was hung roughly 6 inches above the water level of the tank by six Sun System 2 900504
housing units. The fluorescent bulbs used were 400 watt, 6500 Kelvin, Daylight Metal Halide
Grow Lamp MT400/HOR/HTL-BLUE. All bulbs had been newly replaced before the start of the
first open system growth rate experiment. See Figure 3.7 for large scale, open system light set-up.
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Figure 3.7. Light set-up for large scale, open system tanks

3.4.3 CO2 Delivery and pH Monitoring
The CO2 delivery for the open tank system was connected to a pH monitoring system.
The relationship between CO2 and pH is represented by:

Therefore as CO2 is introduced into the system the pH will decrease, and as CO2 is consumed
from the system the pH will increase.
The Milwaukee SMS 122 pH controller was set to turn on the CO2 flow via a solenoid
valve when the pH increased beyond a set-point. The set-point alarm was decreased on day 15 of
the first experimentation, from 6.5 to 6.2. This occurred because the pH in one of the tanks (L1)
did not go above the 6.5 set-point, which prevented the algae from receiving CO2 for
consumption. The pH set-point for the second experiment remained at 6.5 throughout the
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experiment. A Milwaukee SMS 120 pH monitor was also used to verify the pH of the system. A
newer model of Milwaukee SMS pH controller and meter were used during the beginning of the
second run of the experiment, but found to be unreliable and the new models were switched back
out for the older models.
The CO2 was fed into the system at the point of the PVC piping outside of the tank itself
prior to the chiller system. The max flow rate of the CO2 into the system was set to above 1.0
LPM, for the entire first run of the experiment and most of the second run. This allowed for super
saturation inside of the chiller. During the second run, the flow was decreased to 0.8 LPM in
order to quantify the amount of CO2 entering the system during a 0.1 pH decrease. This increased
the amount of time it took to lower the systems pH by 0.1 from minutes to almost a half hour.
Industrial CO2 CD50 was used for the large scale, open system experiments. The CO2
canister containment was monitored with a pressure gauge and replaced once the canister was
empty.

31

CHAPTER IV
RESULTS AND DISCUSSION

4.1 Adaptation to Salt Water in a Closed, Semi-batch System
The objective of this experiment was to determine if Scenedesmus dimorphus could adapt
to survive in a brackish water environment. The experimental design allowed for the S.
dimorphus to complete the standard growth curve phases of lag, exponential, and stationary
before salt content to the system was increased. Following the exponential phase, salt content of
the system was increased by removing ¾ the algae suspension and replacing it with fresh salt
water media of a specific salt content. The effects of increasing salt content in 3N-BBM+V media
on growth and lipid content were observed.
The cell concentrations, in adjusted absorbance units, of the 2 liter bottles, are shown in
Figures 4.1-3 for the 220 day experiment. Figure 4.1 shows the freshwater control, Figure 4.2
shows the salinity shock bottle, and Figure 4.3 shows the adaptation bottles thus labeled as
“adaptation bottles 3 and 4”. The growth rates for each bottle were calculated by using the
adjusted absorbance measurements during the exponential phases of growth, using Eq. 3.3.
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Figure 4.1. Adjusted absorbance of the 1.000 TSG control sample over the length of the adaptation process; arrow indicates a media replacement on day 31 55, 75, 111,
146, 171, and 190. Roughly 800 mL of the culture was removed per media replacement, and the removed biomass was used for lipid extractions. After the removal, 800
mL of sterilized 1.000 TSG 3N-BBM+V media was added to the sample. Absorbance data points on same day as media replacement reflects values before dilution.
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Figure 4.2. Adjusted absorbance of the salinity shock bottle over the length of the adaptation process. This sample started at 1.025 TSG on day 0. Arrow indicates a
media replacement. Roughly 800 mL of the culture was removed per media replacement, and the removed biomass was used for lipid extractions. After the removal, 800
mL of sterilized 3N-BBM+V media with indicated TSG was added to the sample, as noted above. Absorbance data points on same day as media replacement reflects
values before dilution.
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Figure 4.3. Adjusted absorbance of the adaptation bottles over the length of the adaptation process. These samples started at 1.001 TSG on day 0. Arrow indicates a
media replacement. Roughly 800 mL of the culture was removed per media replacement, and the removed biomass was used for lipid extractions. After the removal, 800
mL of sterilized 3N-BBM+V media with indicated TSG was added to the sample, as noted above. Absorbance data points on same day as media replacement reflects
values before dilution. Note: Bottle 3 received a 1.009 TSG media replacement on day 90 as well, but the data point was an outlier and therefore is not represented on the
graph.
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4.1.1 Freshwater Control
The freshwater control bottle remained at a salinity of 1.000 TG, that of freshwater, for
most of the experiment. Salinity of the control bottle was increased during a media replacement to
1.002 TSG on day 31 and once again left to complete a growth phase. Upon the completion of
the 1.002 TSG growth phase at day 55, a media replacement occurred and brought the salinity of
the sample to 1.000 TSG to remain as a control.
Average growth rates were calculated for each growth phase in the semi-batch process
(Figure 4.5). Overall, the control bottle yielded a growth rate of 0.06 ±0.03 day-1. These growth
rates are very low in comparison to the previous work. Under similar conditions, S. dimorphus
yielded growth rates of 0.11 to 0.60 day- 1 in a 1.5 L working volume (Kanani 2013, Ribita 2011).
The low values calculated here may be due to the lack of regular data collection. Several days of
the exponential growth phase could have been missed in each growth rate calculation. In general,
once a 3X dilution occurred it took around 20 days for the sample to obtain an absorbance level
of 1.700 OD600 . It is important to remember the values from previous experiment were calculated
using only the exponential phase of growth, while this portion of the experiment calculated the
growth rate from lag phase throughout exponential phase, and may be missing several key data
points. Comparisons to the previous research on growth rate during the batch phase should be
taken very lightly, and were calculated more out of curiosity than for solid data.
Lipid content for the control culture is shown in Figure 4.4. The average lipid content
was 16±4% (n=5) with no distinguishable trend over the 7 month period.
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Figure 4.4. Lipid content of S. dimorphus from the freshwater control samples of the adaptation experiment.
This bottle was inoculated at a salinity of 1.000 TSG.

When observed under a microscope cells are generally found in a crescent shape and
have been seen multiplying (Fig 4.6). A few larger, round cells have also been observed. On day
192 the control sample achieved a contamination of cyanobacteria above 5%. Up until this point,
contamination remained low throughout the experimental run.
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Figure 4.5 Growth rates of S. dimorphus during media replacement cycles in the freshwater control bottle.

Figure 4.6. S. dimorphus in the control sample at 1.000 TSG at 10X magnification. Taken on day 130 of the
experiment.
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4.1.2 Salinity Shock Bottle
This bottle was subjected to 1.025 TSG media during inoculation and then maintained at
1.017-1.019 TSG throughout the semi-batch process. Absorbance was monitored during the
experimentation and used for calculation of growth rates at different salinity levels (Fig. 4.7).

Figure 4.7. Calculated growth rates of S. dimorphus during the adaptation process in the high salinity shock
sample.

Increase in absorbance was initially slow, taking one week to increase from 0.495 OD600
to 0.550 OD600 in the 1.025 TSG 3N-BBM+V media. By day 8 a green tint was noticed in the
sample, but in the following days absorbance declined from 1.435O.D.600 on day 8 to 0.635 OD600
on day 10 and the sample turned a yellowish color. On day 34 the media was replaced and
salinity content was decreased to 1.017 TSG. The media replacement with a lower saline content
sparked a growth phase from day 38 to 49 and growth rate was calculated to be 0.16 day-1. The
increased growth rate with decreased salinity content from 1.025 TSG to 1.017 TSG is
particularly interesting, as it may be insight in a way to decrease the time spent adapting a
microalgal species to higher salinity levels. The initial media replacement to 1.017 TSG did not
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reach the target absorbance of 1.700 OD600. For this reason, the sample was subjected to another
media at the beginning of the death phase, on Day 54, with fresh 1.017 TSG 3N-BBM media.
After an initial lag phase of ~10 days, the sample once again turned a light green color and started
an exponential growth phase, which occurred for 12 days, reaching an absorbance of 2.146 OD600,
thought the growth rate had declined to 0.06 day-1. A similar process occurred at the next dilution
with 1.017 TSG 3N-BBM+V media on day 90. After a lag phase of ~10 days, an exponential
phase occurred and growth rate for the cycle was determined to be 0.04 day-1. At this point in the
experiment, DI water was not being added to account for evaporation, which means that as the
water level decreased the TSG also increased. At these times the cells may have been subjected to
extremely high salt levels in a short period of time which may have caused the increased rate of
cell mortality as shown by absorbance readings in Figure 4.2 and the decreasing growth rates.
This issue has been resolved since that time by adding sterilized D.I. water to account for
evaporation in the sample bottles and maintain a working volume of 1000 mL. For this reason,
the addition of what was believe to be the same TSG level media may have actually been lower
than what the cells had been previously exposed to due to evaporation.
At the completion of the growth phase cycle, the sample was subjected to a media
replacement with 1.018 TSG 3N-BBM+V. The lag phase for this cycle took 5 days, and growth
rates at 1.018 TSG were calculated to be 0.16 day-1. A second media replacement with 1.018
upon completion of the exponential phase yielded a growth rate of 0.3 day-1.
The high salinity shock sample remained at a lipid content between 20-25% at TSGs of
1.017 and 1.018 and 1.025 (Fig. 4.8). Human and mechanical errors resulted in only 4 out of the 6
lipid extractions from the salinity shock sample to be included for consideration, with even one of
the samples questionable, yielding only a 6% lipid. Generally, low lipid content occurs once there
is contamination in the sample, but when looked at under a microscope before the extraction
process, there was no contamination. This set of lipid extractions were left to dry in the oven
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longer than previous samples and following extractions, which may have played a factor in the
low lipid content of 6%.

Figure 4.8. Lipid content of S. dimorphus from the shock samples of the adaptation experiment. This bottle was
inoculated at a salinity of 1.025 TSG and salinity levels varied with each media replacement.

The cells in this saline shock bottle took much longer to reach the desired absorbance of
1.700 OD600 in comparison to the other samples adapted over a period of time at lower salinity
levels. Fewer cells were seen multiplying in this sample than in the control sample when looked
at under 10X, 20X, and 40X magnification and it appeared there were many larger, round cells
than crescent cells (Fig. 4.9).
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Figure 4.9. S. dimorphus in the shock sample at 1.017 TSG. Taken on day 125 of the experiment.

4.1.3 Adaptation Bottles 3 & 4
Absorbance measurements were similar in the two adaptation bottles until the addition of
the 1.009 TSG media on day 90 in general taking 15-20 days to reach target absorbance after a
media replacement had occurred. On day 90, with the 1.009 TSG media additions, Bottle 4 took
almost 30 days to reach an absorbance of 1.700 OD600 while Bottle 3 took 15 days. Bottle 3 had
slightly absorbance than Bottle 4 throughout the adaptation process, yet growth rates per cycle
varied between each bottle (Figure 4.10). This higher absorbance may have given Bottle 3 the
advantage to continue the adaptation process earlier than Bottle 4 at the 1.009 TSG media
replacement. The more cells the culture has, the more cells that may be able to survive upon the
addition of the increased TSG media. Bottle 3 was qualitatively observed to have higher
evaporation rates than Bottle 4 throughout the experiment, which may have caused the Bottle 3 S.
dimorphus cells to become accustomed to higher salinity levels earlier on in the experimentation.
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This also may have been a cause of misleadingly higher absorbance since the cell suspension
would have become more concentrated.
Bottles 3 and 4 were diluted with media of the same TSG levels on the same schedule for
the first 125 days of the experiment. On day 125, Bottle 3 was increased in TSG to 1.012 TSG but
Bottle 4 was not because the target absorbance of 1.700 OD600 at 1.009 TSG had not yet been
reached. At the next media replacement, Bottle 3 was kept at the same TSG of 1.012 and Bottle 4
was increased to 1.012 TSG in order to attempt to keep the samples on the same salinity level
adjustment schedule. From this experiment, it appears that growth rates decreased up to the 1.009
TSG level, but then began to increase past the 1.009 TSG environment.

Figure 4.10. Growth rates after medium replacement of S. dimorphus during the 220 day adaptation process.

4.1.4 Lipid Content in Adaptation Bottles 3 & 4
Lipid contents varied between 11 to 31% at the different TSG levels (Fig. 4.11).
Extractions at a TSG of 1.007 showed slightly lower lipid results than previously in both bottles,
but these samples were left to dry longer than all of the other extractions, which may have
resulted in the decreased lipid content (Fig. 4.11). It should be noted that lipid extractions were
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not conducted in triplicate at this time due to low availability of biomass for sampling, therefore
statistical analysis was not determined for these extractions. A linear regression indicates no
relationship between TSG of the growth media and the lipid content of S. dimorphus (Fig. 4.12).
This givse insight to further pursue using adapted S. dimorphus as a biofuel candidate worldwide.
Since S. dimorphus is capable of adapting to various salinity levels, it has the potential to be
grown in locations across the globe, where salinity of growth mediums will vary based on
location.

Figure 4.11. Lipid content of S. dimorphus from adaptation bottles 3 and 4 at 1.0XX. Cultures were inoculated at
a salinity of 1.001 TSG and salinity levels increased over time.
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Figure 4.12. Lipid content plots vs. TSG of cycle of adaptation samples. Linear regression indicates no
relationship between lipid content and TSG of growth medium.

Cells in the adaptation samples 3 and 4 changed shape over time. Initially, the cells were
crescent shaped, as in the freshwater control sample, in the 1.001 TSG level. As salinity increased
to 1.010 TSG the cells started to have a mix of shapes with some remaining crescent shaped and
other taking on the round, fatter shape as had been noticed with the 1.025 salinity shock samples,
though were generally still found in clusters unlike the shock samples (Fig. 4.13-15).
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Figure 4.13. S. dimorphus in the adaption bottle 4 at 1.001 TSG. Taken on day 14 of the experiment.

Figure 4.14. S. dimorphus in the adaption bottle 4 at 1.010 TSG. Taken on day 125 of the experiment.
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Figure 14.15. S. dimorphus in the adaption bottle 4 at 1.013 TSG. Taken on day 192 of the experiment.

4.2 Adapted S. dimorphus in Saline Media, Closed System
The objective of this experiment was to determine the specific growth rate for samples
that had been previously adapted to a brackish water salinity of 1.015 TSG. This experiment was
completed on two separate occasions, with a total of 7 samples at 1.015 TSG and one control.
During the first experiment, absorbance measurements were taken twice a day to establish the
growth curve. For the second experiment, absorbance measurements were taken once a day (Fig.
4.16). Both experiments accounted for evaporation by monitoring the sample size removed for
absorbance measurements, the expected working volume, and the actual working volume. If the
expected and actual did not match, sterilized DI water was added into the system until the correct
working volume was established to account for evaporation. This ensured the TSG remained at
1.015 throughout the growth rate experiment.
All samples in trial one reached the exponential phase days earlier than the samples from
trail two. This is most likely due to a mechanical error. On day 3 of Trial 2 a shaker bath broke
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down, which is the time the cells were most likely to begin the exponential growth phase as had
occurred with Trial 1. The shaker bath could have been broken for a maximum of 15 hours before
the mechanical malfunction had been discovered. The entire system, including lighting, was shutdown for 5 hours until all defects had been fixed. At this point the shaker bath system was turned
back on, for a total of 20 hours of non-ideal conditions. After the system was fixed, the adapted S.
dimorphus took 2-3 days to reach exponential phase, as had occurred with Trial 1. This may have
given the illusion of a 9 day lag phase.
Growth rates of the 1.015 TSG samples were averaged and compared to average growth
rates of freshwater samples. Freshwater sample averages were taken from the control in the
growth rate experiment, and previous research by Kanani 2013, and Ribita 2011. Different
periods of growth were used to calculate the specific growth rate for each sample and were
determined by the exponential phase of growth of the sample. There was no significant difference
between the 1.015 TSG growth rates of each trial (p=0.2).
Average maximum cell concentration for Trial 1 was determined to be 0.41 ±0.43 g/L.
The higher error is due to the culture, labeled Bottle F1, outlier for that particular trial. Average
maximum cell concentration for Trial 2 was determined to be 0.5 ±0.26 g/L. There was no
significant different between the maximum cell concentrations of Trial 1 and Trial 2 (p=0.4).

4.2.1 Adapted Growth Rates
Specific growth rates were calculated for each culture bottle and compared graphically (Fig.
4.17).
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Figure 4.16. Adjusted absorbance of adapted S. dimorphus in 1.015 TSG medium of trial 1 and trail 2
experimental samples (n=3 for trial 1, n=4 for trail 2). The freshwater control sample from trial 1 is also shown
(n=1). Open, square symbols indicate growth curves from trial 1. Closed, triangular symbols indicate growth
curves from trial 2.

Figure 4.17 Specific growth rates of S. dimorphus samples at 1.015 TSG from trail 1 and trial 2 samples of the
small scale, closed system growth rate experiment. The specific growth rate for the freshwater control from trial
1 is also plotted.
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Figure 4.18. Average growth rate comparison of S. dimorphus grown in freshwater conditions and brackish
water conditions of 1.015 TSG in small scale, closed system. 1.015 TSG average growth rate is 0.47±0.14 day -1
and 1.000 TSG average growth rate (n=7 for 1.015 TSG and n=3 for 1.000 TSG, p=0.3). 1.000 TSG average
value includes data from Ribita 2012 and Kanani 2013.

A two-sample student t-test suggests there is no statistical difference between the
freshwater and brackish water growth rates at the 95% confidence level (p>0.05) (Fig. 4.18).
Freshwater average growth rate was calculated to be 0.56 ±0.04 day-1 and the average growth rate
in brackish water of 1.015 TSG after adaptation was calculated to be 0.47 ±0.14 day-1.
A comparison between growth rates of the adapted cultures from this experiment to the
previous cultures of S. dimorphus which were undergoing adaptation in section 4.1 cannot be
performed as different growth phases were used for the calculation of the growth rates.
Contamination was monitored during both trials of the growth rate experiment to verify
the absorbance readings were in fact a representation of the S. dimorphus cell concentration in the
sample bottles. Contamination by cyanobacteria was < 5% for all Trial 1 samples upon the
completion of the exponential phase of growth. Trial 2 had slightly higher contamination due to
the shaker bath malfunction, which exposed some of the samples to outside environmental
conditions. All Trial 2 samples remained <10% contaminated by cyanobacteria upon the
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completion of the exponential growth phase. This may have contributed to the slightly higher
growth rate in Trial 2.
4.2.2 Lipid Content
Lipid content was measured using biomass from the Trial 2 samples and resulted in a
lipid content average of 23 ±10% (wt/wt) (n=3). The samples had to be mixed in order to obtain
enough biomass to complete the extraction procedure. The 23% content is similar to the lipid
results from the 1.017 TSG and 1.018 TSG shock sample from experiment 1, which had been
cultured several time at those specific TSGs for a total of anywhere between 41-91 days. This
may be an indication that once able to adapt to the higher salinity levels the lipid content for S.
dimorphus will remain around 20-23%.

4.3 Large Scale, Open System Growth Rate Experiment
The objective of this experiment was to determine and compare the specific growth rate
for S. dimorphus cultures which had been previously adapted to a brackish water salinity of 1.015
TSG in a closed environment to the growth rates of the same cultures in a 1.015 TSG open
system environment. This experiment was completed on two separate occasions, with a total of
three trials at 1.015 TSG. Two environmental tanks were available for use, named L1 and L2. L1
was used on two separate accounts, and is therefore labeled as Trial 1 (L1-1) or Trial 2(L1-2). L1
Trial 1 and the L2 samples ran at the same time in early November of 2012. L1 Trial 2 ran in late
April of 2013. During the first set of trials, the two tanks, L1-1 and L2, ran for 40 days and
average absorbance was monitored. The second trial (L1-2) ended at day 10, when contamination
of the sample by cyanobacteria had reached 90% . The control for this experiment is data from
previous freshwater experiments which had taken place in these same environmental conditions
and results will be compared later in this section. During the first experiment, absorbance
measurements were taken twice a day to establish the growth curve up to and through the
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exponential phase of growth. For the second experiment, absorbance measurements were only
taken once a day. Both experiments accounted for evaporation by monitoring the water level of
the 1000 L tanks along with daily conductivity measurements. Water level was compared against
salinity daily and adjusted with the addition of RO/DI water to account for evaporation. This
ensured the TSG remained at 1.015 throughout the growth rate experiment.

4.3.1 Absorbance and Growth Rates 1.015 TSG Open System Environments
During the first set of trials, the L1 and L2 systems ran for 40 days and average
absorbance was monitored (Fig. 4.20). A mechanical malfunction during the first trail with L1
resulted in low levels of mixing. Instead of two wave generators, L1 had been reduced to only
one properly working wave generator up until day 8 of the experiment. This resulted in low
absorbances readings for the first week and half of the experiment, and may have resulted in early
cell death and/or cyanobacteria contamination (Fig. 4.20). Results from L1 Trial 2 and L2 Trial 1
runs, in which both wave generators were functional for the lengths of the experiment, resulted in
similar growth curves as shown in Figure 4.21. Table 4.1 lists the specific growth rates calculated
from the three 1.015 TSG open system samples.
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Figure 4.19. Average absorbance of the 1.015 TSG open system cultures Trial 1 of L1 and L2 growth tanks. Average absorbance was calculated by averaging a total of
24 measurements from three zones of the growth environment, with 1 sample taken per zone, and 8 measurements of that sample per point. Standard deviation was
calculated for all samples.
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Figure 4.20. Growth curves of the 1.015 TSG open system samples. The first 10 days of data from L2-1 and all
the data points collected from L1-2 are shown. Average absorbance was calculated by averaging a total of 24
measurements from three zones of the growth environment, with 1 sample taken per zone, and 8 measurements
of that sample per point.

Figure 4.21. Natural log of absorbance used to calculate growth rate during the exponential phase of growth for
L1 Trial 2 and L2 samples at 1.015 TSG in an open system environment.
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Table 4.1 Calculated growth rates of S. dimorphus in a 1.015 TSG open system environment.

Growth rates for L1 Trial 2 and L2 samples were also similar at 0.47 day-1 and 0.40 day-1,
though L2 had an exponential phase of 10 days in comparison to L1 Trial 2, which had an
exponential growth phase of 4 days. L1 Trial 1 culture had a low growth rate of 0.181 day-1 in
comparison to the trails ran with fully functional wave generators. A two-sample student t-test
suggests there is no statistical difference between the 1.015 TSG closed system and 1.015 TSG
open system growth rate of 0.35±0.15 day-1 at the 95% confidence level (p>0.05) (Fig. 4.23).
This statistic is inclusive of the L1 Trial 1 0.18 day-1 specific growth rate. It should be noted that
even with excluding the L1 Trial 1 0.18 day-1, student t-test still results in no significant
difference between the closed system and open system growth rates. Sample L2-1 absorbance
was monitored for a total of 30 days past the exponential growth phase to identify maximum cell
concentration. Several of the charts below only display absorbance through the exponential phase
of growth for L2 in order to compare to L1 Trail 2, which only ran through the exponential phase
of growth to day 9, at which point contamination was determined to be roughly 20% when
looking at a sample at 40X maginifcation. At day 10, L1 Trail 2 reach contamination of roughly
90% and was shut down.
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Figure 4.22. Average growth rates of S. dimorphus in 1.015 TSG 3N-BBM+V media cultured in a closed system
and open system environment (closed system n=7, open system n=3). Student t-test indicates no significant
difference between the growth rates of the two environments (p=0.3).

4.3.2 Lipid Content
Lipid extractions were performed using the Bligh Dyer method on the open system
samples throughout various stages of the experimental run, for a total of 19 lipid samples, with
average lipid percentages shown in Figure 4.24. There is only one data point for L1 Trail 2
percent lipid because of the system being shut down on day 10 due to contamination.
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Figure 4.23. Lipid content of S. dimorphus cultured in a 1.015 TSG open system environment over time. Note: Contamination greater than 10% was observed on day 11
for the L2 culture.

57

The first lipid extractions following the completion of the exponential growth phase for
the L2 Trial 1and L1 Trial 2 systems fell within the standard percentages for S. dimorphus at
19%± 2 and 24%±12, respectively. The higher standard deviation of for the L1 trail 2 suggests
the actual lipid percentage may be a bit lower. L2 had a slight increase in average lipid percentage
on day 15 of 23% ± 9, but due to this increase in standard deviation, it is unlikely the sample had
actually increased much at all. L1 Trial 1 had an overall lower lipid percentage following the
exponential phase than the other two trials. This is likely due to the fact that the exponential phase
did not occur until after several days of exposure to the environment. At this time, contamination
may have already begun in the growth tank environment. The contaminating micro-organisms
would have been consuming the nutrients from the 3N-BBM+V media which could have
contributed to a possible nutrient limitation for the S. dimorphus.
It is interesting to note the abrupt decrease in lipid percentages in L2 from day 15 to 17
and then the lipid percentages begin to stay relatively low, below15% lipid. Figure 4.25 illustrates
the relationship between absorbance with lipid percentages for L2. During the initial exponential
phase the lipid percentage remained between 20 and 25%. Upon the completion of what appeared
to be a second exponential phase on day 18, the lipid percentage dropped to 7%. It is equally as
interesting that as the absorbance would begin to increase on the later days of 19-23 and 27-29
that lipids remained relatively constant. At this point, it can be hypothesized that a majority of the
absorbance readings were contributed by cyanobacteria as opposed to S. dimorphus. Thought
contamination was not monitored closely for this trial, it was noted that L2 had achieved a
contamination by cyanobacteria of roughly 10% on day 11 of the experiment. Lipid percentages
from day 20 of system L2 and day 21 of system L1 Trial 1 are very similar at 12%±2 and 14%±4.
At this time, L1 Trial 1 had become fully functional mechanically and had completed an
exponential growth phase. This is another indication of similar growth limitations occurring in the
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growth tank environments, which could be due to contamination if the earlier trials had similar
contamination issues to the open tank second trial. Contamination of L1 Trial 2 is discussed more
in depth in section 4.3.3.

Figure 4.24. A plot of the 1.015 TSG L2 growth tanks absorbance vs. lipid content acquired by the Bligh Dyer
extraction method.

Average of the lipid content for all 1.015 TSG samples from the open system
environment is 15%±8.5. The only sample known to have less than 10% contamination was from
L1 Trial 2 Day 7, which is 24%±13. A two sample student t-test indicates no significant
difference between percent lipid of S. dimorphus cultured in the 1.015 TSG closed system in
comparison to the 1.015 TSG open system environment (p>0.05) (Fig 4.26). High standard
deviation during the closed system extractions could be due to the fact the percentages are
calculated using all extractions from the open system experiment, when contamination may have
been very high.
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Figure 4.25. Average lipid content extracted by using the Bligh Dyer Extraction method for S. dimorphus grown
in 1.015 TSG open and closed system environments. A student t-test indicated no significant difference between
the average lipid percentages of the two growth environments (n= 3 closed system, n=19 open system, p=0.29).

4.3.3 Contamination
During L1 Trial 2 contamination was monitored by checking samples using a total
magnification of 400X. Percent contaminations of the samples by cyanobacteria or other
unidentified micro-organisms are shown in Table 4.2.
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Table 4.2. Rough percent contamination of S. dimorphus in an open system environment. Contamination
percentages were estimated by viewed samples under a microscope and counting the S. dimorphus cells vs. other
micro-organisms in a given area.

Contamination was not monitored as closely during the first trial of the open system
experiments. It is very likely Trial 1 of the open system environment did follow a similar
contamination pattern when looking at the absorbance and lipid data (Fig. 4. 25). L2 absorbance
began to decline on day 10 of the experiment, where a 10-20% contamination was noted. After
this slight decline, absorbance began to once again increase. At this time, the sample may have
begun a higher contamination phase. By the end of the second exponential phase, percent lipid of
the samples dropped from 20% to 7%. This could be a result of high contamination by
cyanobacteria. Lipid extractions remained below the average range for S. dimorphus of 18-26%
throughout the rest of the L2 experimental run, another indication of contamination by
cyanobacteria. The contamination of L1 Trial 2 is documented as follows, with contaminants
circled in red:
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Figure 4.26. A sample of the tanks RO/DI water used for L1 Trail 2, which had been exposed to the environment
for several days, was checked for contamination. Zero contamination was found.

Figure 4.27. L1 Trial 2 HR 0.5 after inoculation. Zero contamination was found.
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Figure 4.28. L1 Trial 2 HR 24.5 after inoculation. The sample was estimated to be 5% contaminated.

Figure 4.29. L1 Trial 2 HR 49.5 after inoculation. The sample was estimated to be 10% contaminate.
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Figure 4.30. L1 Trial 2 HR 72.25 after inoculation. The sample was estimated to be 10% contaminated.

Figure 4.31. L1 Trial 2 HR 98.5 after inoculation. This picture was taken in the early exponential phases of
growth. It is unclear of the transparent cells are shells of dead S. dimorphus or other micro-organisms, as they
were unmoving. They were not taken into account for contamination estimates for this reason. The sample was
estimated to be 10% contaminated.
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Figure 4.32. L1 Trial 2 HR 118.5 after inoculation. This picture was taken during the exponential phase of
growth. The cells are found in large groups. The sample was estimated to be 10% contaminated.

Figure 4.33. L1 Trial 2 HR 144 after inoculation. This picture was taken during the exponential phase of growth.
The cells are found in large groups. The sample was estimated to be 18% contaminated, if the transparent shells
are S. dimorphus.
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Figure 4.34 L1 Trial 2 HR 167.5 after inoculation. The blurred objects are micro-organisms swimming
throughout the slide. Many S. dimorphus cells were still found in clumps throughout the sample. The sample
was estimated to be 18% contaminated.

Figure 4.35. L1 Trial 2 HR 238.5 after inoculation. There was no evidence of S. dimorphus clusters. There are a
possible few single S. dimorphus still alive but a majority of the sample has been taken over by cyanobacteria
and various micro-organisms. The sample was estimated to be 90% contaminated.
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4.3.4 Comparison to Previous Freshwater Open System Experiments
The large scale open tank systems were used previously for two freshwater experiments
to monitor the effect of media consumption on S. dimorphus growth rate in a freshwater open
system environment. The first sets of experiments were conducted by Eric Lee in summer of 2011
and the second sets of experiments were conducted by Brittany Studmire in summer of 2012. Eric
Lee investigated nitrate consumption vs. growth rate and lipid content in L1 and L2, and a similar
open tank growth environment labeled L3. Brittany Studmire investigated the effect of using
digestate as a media source on growth rate and lipid in growth tanks L1 and L2. Each experiment
had a similar growth environment to the brackish water growth rate experiment except for the
type and/or amount of wave generators and and/or media used for the culture. Both Eric and
Brittany used Tunze waveboxes instead of wave generators, with Eric using two waveboxes and
Brittany using four. Figure 4.37 illustrates the growth rates for the three sets of open system
experiments.

Figure 4.36. Growth rates of S. dimorphus from various experiments in the large scale open system environment.
(n=3 for 1.015 TSG 3N-BBM+V, n=2 for 1.000 TSG Digestate, n=3 for 1.000 TSG 3N-BBM+V, p=0.08 1.015
TSG 3N-BBM+V to 1.000 TSG Digestate, p=0.01 1.015 TSG 3N-BBM+V to 1.000 TSG 3N-BBM+V, p=0.0007
1.000 TSG Digestate to 1.000 TSG 3N-BBM+V).
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Out of these three separate trials the highest growth rate was achieved by using digestate
as a media in a 1.000 TSG freshwater growth tank with four wave boxes, yielding a growth rate
of 0.62±0.3 day-1. The use of 3N-BBM+V media in a 1.015 TSG growth tank with two wave
generators yielded an average growth rate of 0.35±0.15 day-1. The use of 3N-BBM+V media in a
1.000 TSG freshwater growth tank with two wave boxes yielded an average growth rate of
0.07±0.05day-1. Two sample, two tailed, student t-tests were conducted between each sample. Ttest indicates a significant difference between the 1.000 TSG 3N-BBM+V with two wave boxes
to all other experiments. 1.000 TSG 3N-BBM+V likely had the lowest levels of mixing in the
open tank environment, due to the two waveboxes in the growth tanks. 1.000 TSG and Digestate
media used 4 waveboxes, eliminating more dead zones.
The mechanical malfunction of the wave generator during L1-1 caused a retarded growth
rate in comparison to L2-1 and L1-2 growth tank trials, in which both wave generators were
functional throughout the experimental run. This is another indication of proper mixing of the
culture positively affecting growth rate in the large scale open system environment. Two tailed
student t-test indicates no significant difference between 1.000 TSG Digestate and 1.015 TSG
3N-BBM+V.
In all three experiments lipid content was found to decrease over time. Eric Lee
hypothesized this was also due to the increase in contamination from the environment, as he
noted high levels of contamination by day 30 of his experiment. The growth tanks for all
experiments were surrounded by several other salt water growth tanks for various experiments in
the NASA GreenLab. The freshwater S. dimorphus growth rate experiments may have been able
to out compete the contaminating micro-organisms longer due to the difference in salinity level of
their growth tank. The 1.015 TSG experiments were closer in TSG to several of the other growth
tanks in the NASA GreenLab which are open system synthetic salt water environments, and thus
may have been more favorable environments for the species present.
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4.3.5 Absorbance by Zone
The malfunction of the L1 Trial 1 front wave generator inadvertently peaked our interest
in investigating absorbance differences per zone of the large scale, open system tanks. It was
observed that the three zones of the tanks would rarely have the same absorbance; with some
zones having large differences in their average absorbance measurements. Average absorbance
per zone over the period of the experiment is illustrated by Figure 4.38 for L2 trial 1.

Figure 4.37. Average absorbance per zone during L2 trial 1. Each data point is an average of 8 readings from
the zone sample.

As shown by Figure 4.38, the back zone of L2 trial 1 generally had a higher average
absorbance in comparison to the front and middle zones past day 7 of the experiment. T-tests
were conducted between each zone to determine if biomass concentration was variable among the
three locations of the tanks during the trial as shown in Table 4.39.
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Table 4.3. Average absorbance per zone during L2 Trial 1. T-tests were conducted to determine significance
difference in absorbance per zone with the p-values represented in the last three columns (n=8 for each average
absorbance). The sample for Day 1.8 Front Zone was spilled and lost.
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Significant differences in absorbance were highest in the front to back zone comparisons,
followed by front to middle, and then middle to back. The back zone of the tank not only received
mixing from the wave generator, but is the location for the chiller output. Therefore, the most
mixing is likely taking place in the back zone of the tank. The specimens at this end of the tank
are also receiving the highest amount of CO2 from the output of the chiller. The front zone is
receiving the least amount of mixing, as it only has a single wave generator. The front zone is
also the farthest zone from the CO2 output. The middle zone receives mixing and CO2 from both
wave generators, and the CO2 output, which is why it may have similar absorbance measurements
to the back zone. Though significant differences were found between the zones, average
absorbance per zone throughout the entire experiment was not highly different, as shown in
Figure 4.39.

Figure 4.38. Average absorbance per zone per trial for the entire length of the 1.015 TSG large scale, open system
experiment (n= 1039 for L1-1, n=1047 L2-1, n=263 for L1-2).
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4.4 Discussion

The results from the first stage of experimentation, adaptation to salt water in a closed,
semi-batch system, verify that Scenedesmus dimorphus is capable of completing its standard
growth cycle when exposed to growth environments of gradually increasing salt content (Fig.
4.3). It was shown that when S. dimorphus is exposed to a growth environment that is
exceedingly higher in salinity level than the current environment, the culture will undergo a much
longer lag phase than traditional, or result in cell death (Fig. 4.2). The results from phase one of
the second stage of experimentation verified that once adapted to a higher salinity level, the
growth rate of S. dimorphus grown in a 1.015 TSG closed system is not significantly retarded in
comparison to the average growth rates of S. dimorphus grown in a freshwater closed system
environment (Fig. 4.18). The completion of the standard growth curve in gradually increasing
salinity levels for this experiment is similar to the results obtain by Fodorpataki and Bartha
(2004) and Demetriou et al. (2007), who observed the effect of salt concentration of mediums on
cell concentration. In both the previous and the current research, the cultures grown in slightly
higher salinity content than the seed culture had similar, but slightly retarded, growth rates than
the freshwater controls. The culture exposed to the highest salinity increase obtained the lowest
overall growth rate, or cell concentration, or death (Fodorpataki & Bartha 2004, Demetriou et al.
2007). Our observation of loss of green color in the culture after several days of exposure to the
highest salinity corroborates the reports of Fodopataki and Bartha (2004). This could very well be
due to the chloroplast shrinkage caused by the salt stress, as observed by Lu and Vonshak in
2002.
Slightly higher lipid content was observed when comparing the salinity shock culture to
the freshwater control culture, thought significance could not be determined due to small sample
size (Fig. 4.9). This corroborates with previous works conducted by Mohammed & Shafea
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(1994), Fedina & Benderlieve (2000), and Sudhir & Murthy (2004) whom all noted an increase in
either lipid precursor molecules or overall lipid levels in the short-term in salt stressed cultures of
higher level plants and cyanobacteria (Sudhir & Murthy 2004), in various Scenedesmus strains
(Fedina & Benderlieve 2000), and specifically in Scenedesmus obliquus (Mohammed & Shafea
1994) when compared to a control.
No relationship was measured between lipid content and salinity of the growth
environment during the long term adaptation experiment (Fig. 4.12). In comparison to the
previously short-term work discussed on lipid levels and salt stress, the adaptation bottles
underwent the salt addition over a period of 220 days. Initial lipid response of the culture to stress
was not investigated in the adaptation bottles, which would have been the period of time
immediately following the addition of the increased salt content media. The lack of correlation
between salinity of the growth environment and lipid content of S. dimorphus from this
experiment may have been due to:
1.) The adaptation cultures were exposed to gradually increased salinities over time, therefore
potentially reducing the overall stress to the culture when compared to the salinity shock bottle,
and 2.) Biomass for lipid analysis was extracted from the sample after the completion of the
standard growth curve, generally around 25 days after the initial exposure to the increased salt
content. By this time the culture may have adjusted to the increased salinity level, therefore
reducing stress to the cells, which in turn decreased the cellular response of increasing lipid
precursor molecules. Previous research indicated an increase in lipid levels after several hours of
the S. dimorphus to salt stress, but did not look into prolonged exposure to an increased salt
content environment. This experiment shows no decrease in overall productivity of the culture
during a long term adaptation process to increased environmental salinity levels.
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CHAPTER V
CONCLUSION AND RECOMMENDATIONS
5.1 Conclusions

All adaptation samples were successfully able to complete standard growth curves in
each salinity level. Adaptation to a salinity level of roughly 1.002 TSG higher than the current
growth environment takes roughly 20 days for the green macro-alga S. dimorphus. In total, it took
220 days for S. dimorphus to adapt from a 1.000 TSG growth environment to a 1.015 TSG
growth environment in a semi-batch system. There was no measured correlation between TSG of
the growth medium and lipid content of adapted S. dimorphus.
Scenedesmus dimorphus cells which had been previously adapted to a 1.015 TSG
environment were determined to have an average growth rate of 0.47 ±0.14 day-1 in small-scale,
closed systems. The average growth rate for S. dimorphus in 1.015 TSG is slightly lower but not
significantly different from the average growth rate of S. dimorphus in a freshwater closed system
environment of 0.56 day-1 ±0.04. Lipid percentages from the closed system averaged 23 ±10%
(wt/wt), which is within the average range for S. dimorphus, though the standard deviation is
rather high, suggesting the actual average may vary.
Adapted Scenedesmus dimorphus cells cultured in a 1.015 TSG open system environment
were determined to have an average growth rate of 0.35 day-1±0.15. The difference in growth
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rates between the 1.015 TSG open system and closed system environments was determined to be
insignificant. Lipid content of the samples remained within the averages for S. dimorphus
immediately following the exponential phase of growth, but then quickly declined. This is likely
due to contamination by cyanobacteria and various micro-organisms.
The loss of a wave generator during L1 Trial 1 indicates a decrease in overall biomass
concentration without proper mixing of the system. Without efficient mixing, the samples
exponential phase was delayed to a point where competition by other micro-organisms in the
growth environment likely took over. Mixing methods may also influence biomass concentrations
per zone in a large scale system.

5.2 Recommendations and Further Research

1. An LD50 test should be conducted to determine the specific TSG S. dimorphus cells will be able
to be adapted to without the complete death of the sample. From there a modified LD50 in which
the samples are given time to adjust to the new desired salinity level, and then undergo a media
replacement of either higher or lower TSG could be investigated. Absorbance should be closely
monitored to determine growth rates and cell concentrations.

2. Adaptation of S. dimorphus in a continuous photobioreactor from freshwater to brackish water
should be conducted in the future. The length of the adaptation process in this system should be
compared to the length of the semi-batch adaptation process.

3. Several more lipid extractions should be performed on the 1.015 TSG closed system samples to
determine a more accurate lipid content. Specific lipid content should be measured, to determine
if salinity affects the lipid profile of S. dimorphus, and thus affects usefulness for biodiesel.
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4. The specific growth rate of 1.015 TSG adapted S. dimorphus in a closed system using digestate
as a medium in a batch system should be conducted.

5. The 1.015 TSG large scale, open system experiment should be repeated with properly
functioning wave generators to establish a more accurate average growth rate

6. Future investigation should look into starting with a higher average absorbance during
inoculation of the open system tanks in the possibility of competing with the various
contaminations to the open system environment.
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APPENDIX A
PINPOINT® Salinity Monitor
Conversion Chart
Retrieved from the Pinpoint website at
http://www.americanmarineusa.com/salinityconversion.html

PINPOINT®
True
Salinity mS ‰ Salt (ppt) Specific Gravity
0.0
0.01
0.9991
0.5
0.24
0.9992
1.0
0.49
0.9994
1.5
0.75
0.9996
2.0
1.00
0.9998
2.5
1.30
1.0000
3.0
1.60
1.0002
3.5
1.90
1.0005
4.0
2.10
1.0007
4.5
2.40
1.0009
5.0
2.70
1.0011
5.5
3.00
1.0013
6.0
3.30
1.0016
6.5
3.60
1.0018
7.0
3.90
1.0020
7.5
4.20
1.0022
8.0
4.40
1.0025
8.5
4.80
1.0027
9.0
5.00
1.0029
9.5
5.40
1.0032
10.0
5.60
1.0034
10.5
6.00
1.0036
11.0
6.30
1.0039
11.5
6.60
1.0041
12.0
6.90
1.0043
12.5
7.20
1.0046
13.0
7.50
1.0048
13.5
7.80
1.0050
14.0
8.10
1.0053
14.5
8.40
1.0055
15.0
8.80
1.0058
81

15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
20.5
21.0
21.5
22.0
22.5
23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
35.5
36.0

9.10
9.40
9.70
10.00
10.40
10.70
11.00
11.30
11.60
12.00
12.30
12.60
13.00
13.30
13.60
13.90
14.30
14.60
14.90
15.30
15.60
15.90
16.30
16.60
16.90
17.30
17.60
18.00
18.30
18.70
19.00
19.30
19.70
20.00
20.40
20.70
21.10
21.40
21.70
22.10
22.40
22.80
82

1.0060
1.0063
1.0065
1.0067
1.0070
1.0072
1.0075
1.0077
1.0080
1.0082
1.0085
1.0087
1.0090
1.0093
1.0095
1.0097
1.0100
1.0102
1.0105
1.0108
1.0110
1.0113
1.0115
1.0118
1.0120
1.0123
1.0126
1.0128
1.0131
1.0134
1.0136
1.0139
1.0141
1.0144
1.0147
1.0149
1.0152
1.0155
1.0157
1.0160
1.0162
1.0165

36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
45.0
45.5
46.0
46.5
47.0
47.5
48.0
48.5
49.0
49.5
50.0
50.5
51.0
51.5
52.0
52.5
53.0
53.5
54.0
54.5
55.0
55.5
56.0
56.5
57.0

23.10
23.50
23.90
24.20
24.50
24.90
25.20
25.60
25.90
26.30
26.70
27.00
27.30
27.70
28.10
28.40
28.80
29.20
29.50
29.90
30.20
30.60
31.00
31.30
31.70
32.00
32.40
32.80
33.10
33.50
33.90
34.30
34.60
35.00
35.40
35.70
36.10
36.50
36.80
37.20
37.60
38.00
83

1.0168
1.0171
1.0173
1.0176
1.0179
1.0181
1.0184
1.0187
1.0190
1.0192
1.0195
1.0198
1.0200
1.0203
1.0206
1.0209
1.0211
1.0214
1.0217
1.0220
1.0222
1.0225
1.0228
1.0231
1.0234
1.0236
1.0239
1.0242
1.0245
1.0248
1.0250
1.0253
1.0256
1.0259
1.0262
1.0265
1.0268
1.0270
1.0273
1.0276
1.0279
1.0282

57.5
58.0
58.5
59.0
59.5
60.0
60.5
61.0
61.5
62.0
62.5
63.0
63.5
64.0
64.5
65.0
65.5
66.0
66.5
67.0
67.5
68.0
68.5
69.0
69.5
70.0
70.5
71.0
71.5
72.0
72.5
73.0
73.5
74.0
74.5
75.0
75.5
76.0
76.5
77.0
77.5
78.0

38.30
38.70
39.10
39.50
39.80
40.20
40.60
40.90
41.40
41.70
42.10
42.50
42.90
43.20
43.60
44.00
44.40
44.80
45.20
45.60
45.90
46.40
46.70
47.10
47.50
47.90
48.30
48.70
49.10
49.50
49.80
50.20
50.60
51.00
51.40
51.80
52.20
52.60
53.00
53.40
53.80
54.20
84

1.0285
1.0288
1.0291
1.0294
1.0296
1.0300
1.0302
1.0305
1.0308
1.0311
1.0314
1.0317
1.0320
1.0323
1.0326
1.0329
1.0332
1.0335
1.0338
1.0341
1.0344
1.0347
1.0350
1.0353
1.0356
1.0359
1.0362
1.0365
1.0368
1.0371
1.0374
1.0377
1.0380
1.0383
1.0386
1.0390
1.0393
1.0395
1.0399
1.0402
1.0405
1.0408

78.5
79.0
79.5
80.0
80.5
81.0
81.5
82.0
82.5
83.0
83.5
84.0
84.5
85.0
85.5
86.0
86.5
87.0
87.5

54.60
55.00
55.40
55.80
56.20
56.60
57.00
57.40
57.80
58.20
58.60
59.00
59.50
59.80
60.30
60.70
61.10
61.50
61.90
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1.0411
1.0414
1.0418
1.0421
1.0424
1.0427
1.0430
1.0433
1.0436
1.0440
1.0443
1.0446
1.0449
1.0452
1.0456
1.0459
1.0462
1.0465
1.0468

APPENDIX B
Bligh Dyer Lipid Extraction Procedure
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APPENDIX C
Algal Cryopreservation
Courtesy Dr. Joanne Belovich (Chemical Engineering Department, Cleveland State University)

2008/07/23 CW
9/12/12 jb

Strain: Scenedesmus dimorphus

1. DMSO stock solution [20%]:
a. 5 mL ampoule [Sigma D-2650] DMSO [99%] + 20 mL sterile DI H2O; mix in
hood. Do not use plastic pipet with pure DMSO. OK to use plastic with dilute
DMSO.
b. Cold sterilize by 0.2 µM filtration - Portion into 25 units (into sterile
microcentrifuge tubes) @ 1 mL each – keep at 4° C as stock solution.
2. Cell Preparation:
a. Utilize cells at 106 - 107 per cryotube.
b. Harvest 5-10 mL cell suspension during log phase growth (A600 = 0.2-0.5).
c. Lightly centrifuge <100 rpm for 1 minute. Pipette off supernatant and
resuspend cells in fresh media for a final volume of 3 mL (enough for 4
cryotubes). Dilute further if necessary.
3. Equilibration:
a. Note: Time precisely! Toxicity risk to cells!
b. Add DMSO stock solution [20%] to prepped cells at a ratio of 1:3 for a final
concentration of 5% DMSO by volume. Mix by pipetting.
i. 1.0 mL 20% DMSO + 3 mL culture = 4 mL @ 5%.
c. 15 minute equilibration @ room temp (25°C). Aliquot by 1 mL volumes into 2.0
mL sterile cryotubes during this time.
4. Chilling:
a. -70° C
24 h
b. -190° C
>24h - long-term
5. Thawing:
a. Remove from ultracold storage and bring to room temp quickly.
b. Immediately dilute thawed culture into fresh media by inoculating at 5% v/v.
c. Incubate culture at optimal temp for strain.
d. Check cell counts and viability.
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